Introduction
Heat stress (HS) is one of the greatest problems in contemporary chicken production, reinforced by current climate changes arising from global warming. It causes significant losses including reduced growth, decreased feed utilization, reduced immune response, changes in gut microflora, increased mortality, and meat quality reduction [1] . Genetic selection in poultry has led to an intensive expansion of broilers with high metabolic rates, which leads to large-scale heat production due to the increased feed consumption [2, 3] . Birds are homeotherms and maintain their body temperature within a narrow range. However, birds have a reduced ability of releasing heat at high temperatures [4] . The facts that birds do not have any sweat glands and that their skin is covered in feathers are also aggravating factors [5] . In addition, a large number of broilers are raised in small areas, which makes achieving thermoneutral temperature in the production facility more difficult. All of these facts indicate that HS is an important factor that can cause significant economic losses in the chicken production process.
Different authors suggest different strategies of reducing the effects of HS. One of them involves manipulation of ambient factors, such as increasing ventilation, using cooling systems, implementing appropriate lighting schedules, early-age thermal conditioning (ETC), feed restrictions, and stocking density reduction [6, 7] . The use of different nutrients such as probiotics, microelements, and vitamins has also proven to be beneficial in the reduction of HS [8, 9] . Several of these strategies have adverse effects as well, i.e. feed restrictions will reduce the mortality of broilers, but it will also simultaneously result in lower production in the process of breeding [10] . For these reasons it is necessary to use easily implementable and available strategies which at the same time minimize the adverse effects on production results. A good example of this kind of strategy is the implementation of ETC and vitamin C (Vit C) supplementation.
Vit C (L-ascorbic acid) is one of the most important antioxidants regularly synthesized in birds [11] . It is included in the leukocyte production, thus boosting the bird's immune response. Its synthesis is insufficient during HS, and these kinds of stressful conditions also interfere with the absorption of Vit C in the digestive system, therefore increasing the necessity of this vitamin in stressful breeding conditions [12, 13] . However, published studies lack information on the effects this vitamin has on the processes occurring in the muscles during HS. These studies describe exposure to high temperatures over the course of 24 h on the 5th day of age as ETC and propose it as a technique which aims to achieve thermotolerance in broilers exposed to HS in the later stages of production [14] [15] [16] [17] [18] . The mechanism of this effect is reflected in the fact that during the later phases this manner of thermal manipulation decreases the body temperature through thyroid hormones in blood, as well as by reducing the levels of corticosterone [19] .
HS affects the quality of meat as a result of physiological changes occurring in the metabolic processes in muscles [20, 21] . It has been proven that these kinds of ambient conditions during chicken production lead to oxidative stress in muscles, reduction of pH values, denaturation of muscle proteins, and increased fat accumulation in muscles [22] . These changes may result in pale meat [23, 24] with limited water binding capacity, i.e. pale, soft, exudative meat (PSE), which is undesirable both for consumers and the meat industry, which requires good quality raw meat in order to obtain quality products with no economic losses [25] . The purpose of this paper was to investigate the effects of ETC, Vit C supplementation, and the combination of these two methods on certain meat quality parameters, as well as production characteristics of broilers exposed to chronic HS, which has not been done before.
Materials and methods

Animals and experimental design
The experiment involved 400 one-day-old Cobb 500 broilers. The broilers were divided into 4 groups in 4 repetitions, into divided boxes, all in the same production facility. Each group included equal numbers of male and female broilers (feather sexing). Group C received Vit C dissolved in water from day 22 until the end of the breeding (Veterinary Institute Subotica, Serbia) in the amount of 2 g/L (1 g of Vit C contains 100 mg of active substance). Group T on the 5th day of breeding was transferred to an environmentally controlled chamber and exposed to ETC for a period of 24 h at the temperature of 38 ± 1 ºC and 40%-60% relative humidity (RH). Group TC was exposed to ETC in the same manner as group T, but this group also received Vit C dissolved in water in the same manner as group C, starting from the 22nd day of breeding. Group K was the control group, and the broilers in this group were neither exposed to ETC nor received Vit C supplementation.
Since this research was conducted in the summer of 2018, high temperatures were expected, and they did occur on the 29th day of breeding, continuing until the end of the production cycle. The summer of 2018 was determined to have been the warmest summer in Serbia according to the lowest air temperature since the temperature measurements started. On 74 days the subjective temperature experience was over 30°C 1 . Ambient temperature in the facility was measured from 08:00 to 20:00 in 2-h intervals. The Figure shows the average temperature in the facility for the trial period between the 29th and 42nd day of breeding. All groups (including K group) were subjected to the heat stress conditions. These temperatures correspond to chronic HS. RH remained between 40% and 70%. On the remaining days (except for day 5 for groups T and TC) the ambient conditions were within the recommended values for this chicken hybrid, and equal for all test groups. During the entire production cycle, the broilers received commercial broiler feed (Table 1 ) and water ad libitum.
Growth performances and carcass traits
During the production cycle the feed consumption was tracked, the broilers' weight were checked on the 21st and the 42nd day, and the feed conversion was calculated. Since the treatments of groups K and C and groups T and TC were not different until the 21st day of breeding, the body weight (BW), feed consumption, and feed conversion results were provided for the above mentioned groups collectively. The BW results achieved between the 22nd and 42nd day of breeding were obtained through calculations in which the average weight of the broilers from a particular group on the 21st day was subtracted from the weights of each broiler weighed at the end of the production.
On day 42 the broilers were sent to be slaughtered. All broilers were weighed alive, right before the slaughter, as well as after they had been exsanguinated. On the slaughter line, 24 broilers were selected from each group (total of 96), i.e. 6 broilers from each repetition, by random sampling, ensuring equal numbers of male and female broilers. After plucking and evisceration, the "grill" mass of the broilers, namely carcass (meat prepared for grilling), was checked, and then cutting into body parts was performed in order to determine the yield and quality of the chicken carcasses. WEDA FD-121-7.5 scales (WEDA, the Netherlands) were used for measuring. Breast meat samples were taken from each broiler and kept at a temperature of 4 °C for 24 h, after which the color and pH values were determined.
Measuring of breast meat color
The color of breast meat was measured at 24 h postmortem (pm) (approximately the time necessary for fresh chicken meat to reach stores after slaughter) on the surface and inside each sample three times. Instrumental breast meat Figure.
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color parameters were determined using the Minolta Chroma Meter CR-400 colorimeter (Minolta Co., Ltd., Japan) at d-65 lighting and standard viewing angle of 2º, with an 8 mm opening on the measuring head. The instrument had previously been heated in accordance with the manufacturer's instructions, as well as calibrated in accordance with the standard procedure. The measurement results are presented in the CIEL*a*b* system [26] , where L* defines lightness, a* denotes the green-red component, and b* the blue-yellow component.
pH values of breast meat
The determination of pH values in the breast meat was performed at 24:00 in accordance with the reference method SRPS ISO 2917:2004 using the portable Testo 205 pH-meter (Testo AG, USA), equipped with a hardened combined glass electrode with a temperature probe, for direct determination of pH values in meat and meat products. Before and during the reading, the pH-meter was calibrated using standard phosphate buffers (pH 7.02 and 4.00 at 20 °C). The measurement was conducted three times per sample.
Statistical analysis
The results in the paper are presented in the form of arithmetic mean with standard deviation. The statistical processing of data was performed using R software implementing the analysis of variance (ANOVA) and Duncan's post hoc test where the statistical significance is presented at the P < 0.05 level. This paper is a part of the research for a doctoral dissertation which received the approval of the Ethics Commission on the Protection of Animals Used for Scientific Purposes of the University of Novi Sad (EK: II-2018-02).
Results and discussion
Growth performances
Many published papers suggest that HS leads to a reduction of feed consumption and a reduction of the final BW, as well as to an increase of feed conversion in broilers [10, 22, 27] . In this research, the live broiler weights measured right before slaughter were not statistically different between the examined groups ( Table 2 ). The greatest average weight was achieved in group C (2272.71 g), while group K had the least satisfactory results (2215.21 g). If we compare the average BW achieved in this study to the expected average weight defined by the breeder of this hybrid, which amounts to 2857 g 2 for the period of 42 days, it can be observed that HS caused a significant obstruction in growth in all examined groups. The reduced average body weight at the end of the production cycle could be explained by the fact that feed consumption in broilers exposed to HS was reduced in order to decrease the metabolic heat production and maintain homeothermy [28] .
Statistical analysis did not reveal a significant difference between all groups in terms of average BW achieved by broilers in the period between days 22 and 42 of breeding. The average broiler BW on the 21st day of breeding was lower, with statistical significance in groups exposed to ETC when compared to groups not exposed to this treatment. This treatment had no negative consequences for the final BW, which may be due to better feed conversion in the period between days 22 and 42 of breeding in groups exposed to ETC. This could be seen as a type of compensatory growth. In their research, Yahav and McMurtry [29] reported that compensatory growth occurs immediately right after ETC, which is not in accordance with our results; in this research, this trend can be observed only in the second part of the production. Yahav and Plavnik [17] also concluded that ETC led to compensatory growth in the final stages of breeding; however, in their research, the broilers exposed to ETC had even greater BW than the control group at the end of the production cycle, which has not occurred in this study. When the average feed consumption per group is observed (Table 2) , the largest feed consumption per broiler over the course of the entire production cycle was observed in group C (4111.22 g), while group T had the smallest feed consumption (3846.75 g). There was no statistically significant difference between groups T and TC in this period, while this was the case between other groups. A similar analogy was observed in the period between days 22 and 42 of breeding. In the period between days 1 and 21, no statistical difference of feed consumption per group was observed.
The most efficient conversion over the course of the entire production cycle was detected in group T (1.72), while group K had the least satisfactory conversion (1.82) with statistical significance. No statistically significant difference was observed between groups T and TC, or between groups K and C. A similar situation can also be observed in the period between days 22 and 42 of the production cycle, where the most efficient conversion was detected in group T and the least favorable in group K with statistical significance. In the first 21 days, there was no statistically significant difference in feed conversion. Taking into account the results of feed conversion during the entire production cycle, it can be determined that ETC caused better feed utilization when compared to groups not exposed to ETC, which is in accordance with the research results obtained by Oral Toplu et al. [22] . These results confirm that ETC leads to a better feed usability, thus stimulating thermotolerance in HS conditions in the final phases of breeding. It is an interesting fact that the group which received Vit C achieved the highest average weight at the end of the production cycle, but with no statistical significance when compared to the other groups. In addition, this group had the greatest feed consumption in the period between days 22 and 42 of breeding, as well as during the entire production cycle (days 1-42). Statistical significance was observed compared to other groups, but without difference in feed conversion when compared to the control group in the end. These results are not compatible with the results obtained by Oral Toplu et al. [22] , who concluded that Vit C stimulated feed conversion in broilers bred in HS conditions. Different results may be due to dosages of Vit C, which were different, as well as to the manner in which this supplement was administered.
Carcass traits
The results of individual slaughter characteristics expressed in percentages in relation to the total live chicken BW are provided in Table 3 . The BW after exsanguination was highest for group TC (96.70%), but with no statistical significance when compared to other groups. A similar trend can be observed in slaughter characteristics of wings and necks, where it was observed that the highest values were present in group TC, but with no statistical significance. Group TC had the largest volume of carcass (grill chicken) (69.25%) when compared to other groups; when compared to group K specifically (66.43%), a statistical difference was obtained. Oral Toplu et al. [22] concluded that in HS conditions there were larger percentages of carcass (grill chicken) in broilers supplemented with Vit C or exposed to ETC when compared to a group which did not undergo this kind of treatment, which is in accordance with our results. This research did not include a combination of Vit C and ETC, which led to the best results in our case with statistical difference. Sahin et al. [30] also reached a conclusion that the implementation of Vit C in chicken production during HS increased the weight of carcass. The best results of the chicken leg and thigh weights, as well as back, were also achieved in group TC, while the lowest values for these parameters were observed in group K. In comparing groups C and T with group K, no statistical significance was observed, which is in accordance with the research conducted by Oral Toplu et al. [22] ; however, the combination of these two treatments in our study led to a statistically significant difference when compared to the K group, which provides a justification for the implementation of the combination of these two treatments and their synergistic effect.
Based on the results of our research, it can be observed that Vit C, independently and in combination with ETC, reduces the gizzard weight with statistical significance when compared to the other two groups. In their research Oral Toplu et al. [22] reached the conclusion that ETC and Vit C equally reduced the gizzard weight in HS conditions, which is only partially in accordance with our results. On the other hand, Sahin et al. [30] reported that Vit C in HS conditions increased the gizzard weight with statistical significance when compared to a group which did not receive this type of treatment. No statistically significant difference was observed for other parameters of the carcass parts in our study, which is in accordance with the results obtained by Oral Toplu et al. [22] . It is important to mention that the broilers in experimental groups had larger breast weights with corresponding bones when compared to group K. Even though this difference is not statistically significant, the fact that groups T and TC had more successful conversion than the other two groups means that a larger weight of the "most expensive" part of the broiler (breast meat) is produced with smaller feed consumption, which justifies the use of these treatments in broilers in summer conditions.
pH values of breast meat
By examining the technological characteristics of the breast meat (Table 4) , it has been determined that the breast meat in group TC had the highest average pH value of 5.69. The lowest average pH value in breast meat of 5.61 was detected in group K with statistical significance when compared to the other groups. There was no statistically significant difference for this investigated parameter between other groups exposed to ETC and Vit C. Based on the pH values, Barbut et al. [31] suggest that there are three different types of breast meat quality, and that the meat is PSE (pale, soft, exudative) when the pH values are under 5.7, DFD (dark, firm, dry) when the pH values are higher than 6.1, and of expected quality RFN (reddish-pink, firm, nonexudative) when the pH values are between 5.7 and 6.1. According to these meat quality determination criteria, all the groups in our study have a slightly lower quality (PSE meat), which may be due to the effects of HS to which the broilers were exposed. The presented breast meat pH value data indicate that the values in treated groups were very balanced and, with statistical significance, more satisfactory when compared to group K, which suggests that all treatments had a positive effect on the breast meat pH value and quality. It is worth mentioning that the breast muscle pH values in group TC were near the limit value between normal and lower quality if these criteria are taken into account in determining the meat quality. The PSE meat is tightly connected to low pH values of the muscles. In other words, when the animals are exposed to antemortem stress, the pm glycolysis in the muscles of those broilers is accelerated, resulting in abnormally low pH value levels, while the muscle temperature is still high [32] . This is the reason why HS triggers the development of PSE meat in this study, given the fact that it leads to higher muscle temperatures. The combination of high muscle temperatures and low pH values of water lead to the denaturation of muscle proteins which are responsible for Table 3 . Specific slaughter characteristics expressed in percentages in relation to the total BW (n = 96). the limited water binding capacity in this type of meat, as well as to an increased rate of oxyhemoglobin autoxidation, which has a significant effect on the meat color and the development of paleness [33] .
Breast meat color
The color of meat is another important parameter determining the meat quality, and it is directly connected to pH value, water binding capacity, and the chemical composition of meat [34, 35] . Examining the color indicators (CIEL*a*b*) inside the mm. pectoralis (Table 4) , it can be observed that the muscles in group K have the lightest color with lightness (L*) of 58.71, while the darkest muscles are found in group TC with lightness (L*) of 57.08 with statistical significance when compared to the control group. The proportion of red color (a*) in the chicken breast meat measured inside was between 1.55 in group C and 1.80 in group K, with no statistical significance. The greatest proportion of yellow (b*) was detected in breast muscles in group K (3.18), while the smallest proportion of yellow was observed in group TC (2.40); all values were measured inside the breast muscles. Based on lightness L* as a parameter and the criterion for "normal" meat of 48 < L* < 52 [36] , the chicken mm. pectoralis of breast meat, i.e. its inside, in all groups in our study is considered lightcolored meat and can be placed in the PSE meat category. In this case, the best results were again observed in group TC (with statistical significance), followed by groups T, C, and finally group K with the lightest color. Oral Toplu et al. [22] obtained similar results suggesting that these types of treatments stimulate the development of meat color. A similar situation was observed when examining the proportion of yellow color inside the meat; the best results were detected in group TC, while the least satisfactory ones were in group K, with statistical significance. Slightly different results were obtained when examining the surface of breast meat (Table 5 ). Group T had the darkest breast meat, with lightness L* of 73.78, while group TC had the lightest ones with lightness L* of 75.17, with statistical significance. The proportion of red color (a*) at the surface of breast meat was between 0.68 and 0.99. The proportion of yellow color (b*) was between 4.91 and 5.28, with no statistically significant difference between the groups. These results, which stand in contrast to the values measured inside the meat, may be due to the effects of exposure to high temperatures involved in the process of scalding, which is a part of slaughter, and the unequal durations of this process for each broiler. Therefore, the values measured inside the meat can be considered relevant and representative for interpretation.
Conclusion
A conclusion can be drawn that ETC, independently and in combination with Vit C, improves the production characteristics in HS conditions in terms of feed conversion reduction. In addition, the examined treatments contribute to increasing the volume of specific body parts (carcass -grill chicken, legs and thighs, and back) in relation to the total BW, predominantly in group TC, in which the synergistic effect of two independent treatments is stimulated. The gizzard weight is smaller in groups which received Vit C (C and TC), which suggests that this treatment reduces the gizzard weight. In terms of color and pH value, the best results were also achieved in group TC, followed by groups T and C. Such results justify the use of Vit C and ETC treatments in summer ambient conditions, when HS is to be expected, and simultaneously lead to a new conclusion that the best results can be achieved by combining these two methods, thus achieving a synergistic effect.
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